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Abstract 
In this paper, a model is generated of the effect of temperature on the erosion-corrosion of Fe in 
aqueous conditions, for room temperature to 373K. The results indicate how the transition from 
active to passivation dominated regimes for Fe are favoured as the temperature is increased. 2D 
and 3D maps are constructed showing the transitions between erosion-corrosion regimes.   
Keywords: Erosion-corrosion maps, CFD, slurry flow, multiphase flow, elevated temperature.   
 1. Introduction 
Wastage as a result of erosion-corrosion occurs in many environments ranging from off-shore 
environments to health care and food industries. Many erosion models are available in the 
literature and these are dependent on the target material, the erodent particle, and the carrier fluid 
[1, 2]. Although various algorithms have been developed, few account for the effect of the 
temperature rise on the mechanism of the erosion process [3, 4, 5]. This is partly due to the 
differential effects of the temperature response for each material [6]. 
As the temperature rises, the carrier fluid viscosity decreases, leading to an increase in the 
Reynolds number.   Consequently, the erosion increases. On the other hand, temperature has a 
significant effect on the yield strength, elasticity, heat capacity and hardness of the target 
material, thus leading in turn to an additional effect on the  mechanical resistance of the material 
to particle impact [7, 8].  
The corrosion process is also affected by the temperature rise. The current density is a function 
of the Tafel coefficients, which are affected by the solution temperature [9, 10]. Temperature 
also influences the stability region for the passive reaction. Cubiccioti [11] investigated the effect 
of the temperature rise on the E-pH diagram for stainless steel alloy, at room temperature and at 
573K. The results showed an increase in the passivation reaction area along the diagram as the 
temperature increased, and a decrease in the dissolution and  immunity region area. 
 
Erosion-corrosion maps have been developed [12, 13] for pure metals and steel mild steel as a 
function of particle velocity and temperature. A recent development [14] introduced a new 
methodology to combine the concept of the erosion-corrosion map in 2-D dimensions with CFD 
modelling techniques. This technique facilitates the superimposition of  3-D erosion-corrosion 
maps on the surfaces of the component under investigation.  
 
In this work, the effect of temperature on erosion-corrosion maps was studied.  2D and 3D 
erosion-corrosion maps were generated for mild steel (Fe). The limitations of such approach, 
together with future directions for the work, are discussed in this paper.   
2. Methodology 
To simplify the modeling process, various assumptions have been already summarised in 
previous study [15] and [14].  The validation of the CFD simulation for the erosion prediction at 
ambient temperature was presented in [14], where the simulation is compared with the 
experimental and simulation results in [16]. 
2.1 Erosion models 
2.1.1. Erosion models for 2-D map construction 
The model of Sundararajan and Shewmon [17] is used in this work with some adaptation to 
account for the effect of temperature rise on the surface of the material used (Fe). The 
Sundararajan and Shewmon model is based on the so called the localisation deformation during 
single impact. The model can predict the erosion rates at normal impact. The effects of the target 
material mechanical properties are also included. The erosion rate is expressed in term of the 
mass removed from the target material per unit mass of ingested particle and is given as [17]: 
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To determine the erosion rate as a standard unit; i.e. [g cm-2 s-1], it is necessary to multiply 
equation 1 with the particle flux [15] in [g cm-2 s-1]: 
100p p pflux c V=           (2) 
Thus, rearranging, an expression for the pure erosion rate (Keo) in [g cm-2 s-1]: 
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The metal surface mechanical properties are affected by the temperature rise. Sheldon et al. [18] 
related the yield strength with the Vickers hardness number by the following empirical relation: 
( ) ( )2.7s yH T Tσ=           (4) 
Nho [19] listed the effect of elevated temperature on the hardness of various carbon and stainless 
steel alloys. Das et al. [20] used the data in Shida et al. [21] to propose polynomial relationships 
for various materials to accurately relate the yield strength and the material temperature. A 
correlation relation for the carbon steel is given, based in these data as follows [20]: 
( ) ( )5 29.81 2 10 0.0353 30.871Y T T T−= × − +      (5) 
Thus, the target material hardness can be related to the operating temperature as: 
( ) ( )5 226.487 2 10 0.0353 30.871sH T T T−= × − +      (6) 
The specific heat of the target material is also influenced by the temperature rise. From the 
available standard data for Fe [22], the following polynomial function can be created to represent 
this change: 
( ) 12 5 9 4 6 3 3 217.905 (2.038 10 4.66 10 4.22 10 1.87 10 0.432 16.77)pC T T T T T T− − − −= × − × + × − × + −  (7) 
Therefore, we can use equations 6 and 7, to account for the temperature effect of the target 
material on its mechanical properties in the Sundararajan first model (equation 1). 
2.1.2 Erosion models for 3D map construction 
In modelling the erosion rates at any impact angle, the second erosion model of Sundararajan 
[23] was found to be suitable for this new method, but also needs some adaption to account for 
the effect of temperature rise on the surface of the material used. The model can predict the 
erosion rates at different impact angles and for different particle shape. It is split into two 
expressions; one is for the normal impact, and the other is for the oblique impact, and is 
summarised here as follows; for erosion by deformation [23]: 
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for erosion by cutting: 
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where: 
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The normal and tangential coefficient of restitution can be related to the impact angle through the 
semi-empirical relation [24]: 
 
It can also be related to the target material properties as [15]: 
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where the elastic modulus of collision (or reduced modulus of elasticity) (Ee) can be given by 
[25]: 
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(14) 
Eraslan and coworkers [26, 27, 8] have used experimental data of Noda [28] to model the 
dependency of the mechanical properties of steel on temperature. They used a nonlinear fitting 
formulae for the experimental data and assumed constant Poisson ratio in a temperature range 
from 273 – 673[K]. This assumption was found to  hold for most of the engineering materials 
such as steels. The modulus of elasticity is given as a function of temperature from as: 
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where Eo= 200 [GPa], T1= 2000 [oC] and T2= 1100 [oC]. 
The effect of the fluid temperature rise can be estimated by its influence in the fluid viscosity and 
density. A curve fitting was used to fit the available data [29] for the density and viscosity 
change to account for their variation with the temperature rise in [K]. For the density of water: 
 ( ) 5 3 21.65 10 0.02 7.01 207.51l T T T Tρ −= × − + +      (16) 
and for the water viscosity variation with temperature: 
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                 (17) 
Figure 1 and 2 show the variation of the viscosity and density of water with temperature and 
their curve fitting using the above two expressions. Equations (16, 17) were used in the CFD 
simulation to calculate the water density at the temperature range given. 
2.2 Slurry flow models 
A dilute slurry flow of water-alumina sand particles with assumed uniform size of 10-3[m] and 
volume fraction of 0.1 is ingested through a pipe bend inlet with bore diameter D equal to 
0.078[m] and (Rc D-1) ratio of 1.2. All CFD simulations were  made by FLUENT ver.6.3 [30], 
which uses a finite element based finite volume method to solve the flow governing equations. 
Table 2 summarises the equations and operating and boundary conditions used in this study 
while Table 3 lists the mechanical and physical properties for the slurry and target material. A 
structured grid is performed in the near walls; for the bulk flow region, an unstructured grid was 
used. The imbalance between the mass flow rates in the exit boundary and the inlet one was 
computed to ensure mass continuity and found to be 1.144x10-5 [kg s-1]. To validate the CFD 
analysis, an erosion rate comparison with the case study [31] was performed, Table 4. The 
validation simulation was made for SS304L stainless steel alloy using the Forder erosion model 
[24] as in [31].  The results in the present study were simulated for mild steel using 
Sundararajan’s second model [23]. 
2.3 Corrosion models 
2.3.1 Active corrosion models 
Corrosion in steel is governed by several factors but mainly by the applied conditions of the 
solution alkalinity measured by pH scale and applied potential within the chemical reaction [32]. 
These are the factors that determine the corrosion process if it is in the dissolution or the 
passivation region, according to E-pH diagram for the Fe. Thus, to investigate the effect of the 
temperature rise on the corrosion rates, it is necessary to study the temperature rise effects on the 
E-pH diagram of the Fe. 
Figure 3(a-d) shows the simplified E-pH diagrams for Fe at various temperatures ranging from 
298 to 363 [K] respectively, showing how dissolution and passivation regions change with the 
temperature rise. The main electrochemical reactions equations involved are represented by the 
boundary lines numbered in Figure 3 (a), and are listed as follows [15]: 
Line 1: 2e- + Fe2+ = Fe    
 (18)  
Line 2: e- + Fe3+ = Fe2+    
 (19)  
Line 3:  Fe₂O₃ + 6 H⁺ + 2 e⁻ = 2 Fe2൅ + 3 H₂O    
 (20)  
Line 4: Fe₂O₃ + 6H⁺ + 6e⁻ = 2 Fe +3 H₂O    
 (21) 
Line 5: 2Fe3൅ + 3H2O = Fe2O3 + 6H⁺    
 (22) 
In order to construct the 2D erosion-corrosion maps correctly, these lines must be represented 
mathematically as a function of the applied potential and pH variables. This can be done by 
computing the thermodynamics that govern each electrochemical reaction. The equation of every 
line at the given temperature levels is listed in table 1. These lines represent the transition 
between dissolution, passivation and immunity regions. 
The corrosion rate is mainly characterised by the summation between the pure corrosion rates 
(Kco), which can be neglected because it is assumed to be very low; and the contribution of 
erosion to the corrosion process  denoted by (ΔKc) (also known as erosion enhanced corrosion) 
in the passive region. Corrosion rates in the dissolution region can be estimated by neglecting 
(ΔKc) (because these are assumed to be low) and calculating the net current density [A cm-2] 
from the Butler-Volmer equation which is dependent on the temperature. Equation 23 can be 
thus given as: 
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The dissolution rate can be expressed by Faraday law: 
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The Butler-Volmer equation is used in modelling the dissolution corrosion rate in both  
2D and 3D erosion-corrosion maps. 
 
2.3.2 Repassivation models for 2D maps 
In the case of passivation region, the passivation process prevents pure corrosion from further 
occurring, and the total corrosion rate can be simplified to the amount of passive film removal 
(i.e. Kco ≈ 0). Tirupataiah et al. [33] developed a simple expression for the crater diameter by 
equating the kinetic energy of the incident particle with the energy required to form a crater. 
Based on Tirupatiah’s work, previous work by the current group [34, 15] derived a formula for 
predicting the growth of the passive film at normal impacts, expressed in [g cm-2 s-1].  This is 
given as: 
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Although the growth of the passive layer is dependent of the operating temperature, as discussed 
in [13, 12], it is assumed that the passive film  is  instantaneously remove by solid particle 
impacts. Therefore, the time interval between impacts, which allow more oxide layer formation, 
is assumed to be very low. Thus, the layer removed can be estimated as a linear function of over-
potential only as mentioned in [35]: 
( )93 10o ap oh h E E−= + × −         (26) 
and 910oh −= [m]. 
 
It is acknowledged that this is a simple model. Its use may be restricted at elevated temperature 
because of the increase in the rate of formation of the oxide layer at elevated temperatures. 
However, it is assumed here that the erosion and corrosion rates are independent of time. This 
assumption discounts the effect of the time interval between impacts. The time interval between 
impacts is very important factor in the erosion-corrosion process, as in the passive region, it 
determines the film thickness and growth kinetics [13]. However, for this study, as the thickness 
of the passive film is assumed to be in the order of nanometres [35, 36], significant increase in 
film thickness is not considered for long intervals between impacts. 
2.3.3 Repassivation models for3D maps 
The passivation model developed in [14] is used to estimate the additive effect (Kc). It should be 
noted that the effect of temperature is only apparent in the reduction of the target material 
hardness. The erosion rate is given as:  
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The unit given for the erosion model by equation 27 is [kg impact-1]. To convert to [kg m-2 s-1], 
equation 27 is multiplied by the particle impact flux as outlined in [15]. This can be varied 
according to the erosion-corrosion process being modelled. For example, if the flow is 
homogeneous (constant particle concentration), particle impact frequency may be given as [37]: 
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Converting to [kg m-2 s-1] using equation 28; the passive layer erosion model will be: 
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The constant (k) is defined as the mass ratio between the metal and its oxide created during the 
corrosion reaction multiplied by the number of moles of metal involved in the reaction, and is 
related to (k2) in [15]; by definition as: (k = k2/2). 
2.4 Erosion-corrosion mapping 
The total wear can be estimated as the summation of the erosion and corrosion rates and is given 
by: 
 t c eK K K= +           (30) 
where 
 e eo eK K K= + Δ             (31) 
and 
 c co cK K K= + Δ             (31) 
In the active regions, the erosion enhanced corrosion ΔKc and corrosion enhanced erosion ΔKe 
are neglected while in passive regions, the pure corrosion is much lower than the erosion 
enhanced corrosion. hence, in the active regions, the total wear is given by: 
 t eo coK K K= +             
 (32) 
and in passive regions the total wear may be given as: 
 t eo cK K K= + Δ             (33) 
The regime boundaries needed for constructing the regime maps on the interior surfaces of the 
pipe are defined by the ratio Kc/Ke. and are useful in determining the transition regimes at a 
given applied pH and applied potential. 
0.1c
e
K
K
<    (Erosion dominated)     (34) 
0.1 1c
e
K
K
≤ <    (Erosion-Corrosion dominated)   (35) 
1 10c
e
K
K
≤ <    (Corrosion-Erosion dominated)   (36) 
10c
e
K
K
≥    (Corrosion- dominated)    (37) 
The transition boundaries for the wastage maps: 
1tK <  [mm year-1] (low wastage)       (38) 
 1 10tK≤ <   [mm year-1] (medium wastage)     (39) 
 10tK ≥  [mm year-1] (high wastage)      (40) 
 
 
3. Results 
The erosion-corrosion regime and wastage maps are developed as Vp-Eap diagrams at the given 
pH and temperature levels, Figure 3(a-d). These Pourbaix diagrams are important in the 
construction of both 2D and 3D erosion-corrosion maps, as they categorise the behaviour of the 
metal under specified corrosive conditions (temperature, pH and applied potential). 
3.1 2-D Erosion-corrosion maps 
The effects of pH variation at elevated temperatures as a function of increasing temperature are 
illustrated in Figures 4, 5 and 6 for the regime maps and these indicate that there are a range of 
erosion-corrosion regimes at lower temperatures, with the dissolution affected regions reducing 
with increasing temperature, Fig. 4 and 5.  At pH 9, only at the lowest temperature was 
dissolution affected behaviour observed, Fig, 6(a).  The passivation affected erosion regimes 
predominated at higher temperatures, Fig. 6.  The wastage maps, Figs. 7-8, indicate that the high 
wastage associated with dissolution affected erosion-corrosion behaviour decreased at pH 5, Fig. 
7, as temperature was increased.  A similar effect was observed at pH 7, Fig. 8.  At pH 9, the 
effect of temperature was to shift the high wastage regime to lower applied potentials, Fig. 9.   
To illustrate the variation of (Epas) boundary values with the temperature change, Figure 10(a-d) 
shows the difference in each pH level for the passivity boundaries. From this, it is shown that the 
(Epas) value decreased as the temperature and the pH increased.   
3.2 3-D Erosion-corrosion maps 
Figures 11 and 12 show the regime maps for Fe at constant applied potentials and various pH 
values and can be compared to 2-D erosion-corrosion maps generated in previous work[15]. 
For the erosion-corrosion regime maps at pH 5 and applied potential V= -0.6 [V] (SCE), Fig. 11, 
the dissolution regimes prevailed.  At the pipe bend, in regions of higher particle concentration 
and velocity, there were transitions to erosion-dissolution and erosion-dominated regimes, Figure 
11(a), and these tended to increase as the temperature increased; Figure 11(b-d). This is 
consistent with the Pourbaix diagrams in these conditions.  
In contrast with the results at pH=5, Figure 12(a-d) shows the erosion-corrosion regimes at pH=9 
and applied potential V= -0.6 [V] (SCE). Here, the erosion-passivation regime predominated. In 
these conditions, the corrosion rate decreased on the maps compared to erosion. 
The effects of temperatures, at two applied potentials, -0.6 and -0.05 [V] SCE were assessed, 
Figures 13-14, at pH 7.  At pH 7, and at -0.6 [V] (SCE), Figure 13, the erosion dominated regime 
increased with increasing temperature, where the prevailing erosion-corrosion regime is erosion-
dissolution.  At a higher potential V= -0.05 [V] (SCE); Figure 14, the erosion-passivation regime 
which predominated, marginally decreased with increasing temperature. 
To illustrate the wastage maps dependence on the pH value, Figures 15 and 16 show the wastage 
maps for Fe at V= -0.6 [V] (SCE) and pH values 5 and 9 respectively. Although the erosion rate 
increased as the temperature increased,  the wastage maps in Figures 15(a-d)) show a decrease in 
the high wastage regime as the temperature increased. However, this behaviour was reversed at 
pH=9; Figure 16(a-d).    
The applied potential effect on the wastage maps was  investigated in Figures 17 and 18, where 
the wastage maps for pH= 7 at  -0.6 and -0.05 [V] (SCE) are given. Some similarities between 
the behaviour at -0.6 [V]; Figure 17(a-d), with that in Figure 15(a-d), were observed. For the 
wastage maps at -0.05 V, the marginally higher wastage regimes were observed at higher 
temperatures, in contrast with that observed at the lower applied potentials. 
 
4. Discussion 
 
It should be noted  that all the results for the erosion-corrosion regimes and wastage maps here 
are within the range of applied potentials used in previous research [15] as are the pH values 
selected. 
Figure 3 shows that, as the temperature increases, the dissolution regions decrease while 
simultaneously the passivation regions increase. This can be interpreted as the greater tendency 
of Fe to thermodynamically passivate as the temperature is increased. The pH above which no 
dissolution occurs shifts to lower values as the temperature is increased. This boundary is 
represented in Figure 3(a) by the vertical line (5).  
 
4.1 2-D Erosion-corrosion maps 
 
A comparison between the erosion-corrosion regime maps in Figures 4, 5 and 6 with the wastage 
maps; Figures 7, 8, and 9, shows that, where dissolution prevails, the total wastage of (Fe) is 
considerably higher than that in the passivation regime. This is because of the high corrosion 
rates in the case of dissolution. The regime maps also show that, the dissolution regimes areas at 
pH=5; Figure 4(a-d), are wider than that at higher pH values; Figures 5(a-d) and 6(a-d). 
As the temperature is increased at pH=9; Figure 6(b-d), no dissolution regimes are observed, and 
the passivation regimes predominate. This also affects the wastage maps at this pH value; Figure 
9(b-d), where ascending wear rate from low to high regions are observed as the extent of 
erosion-passivation increases. This is contrary to what is observed for Figures 7 and 8(a, b), 
where the high wastage region predominates at intermediate potentials due to dissolution 
corrosion and since the wastage rates for dissolution corrosion tend to be higher than for 
passivation, there is a very different mode of wastage behaviour in such conditions, with the rate 
of wastage decreasing with increasing temperature.   
4.2 3-D Erosion-corrosion maps 
It is important to note that the 3-D map for Fe will exhibit many erosion-corrosion regimes 
because of the changes of velocity and particle frequency of impact over the component. The 
areas thus dominated by these regimes will change significantly as these parameters change. 
The effect of increasing pH from 5 to 9, Figures 11 and 12, has an important influence on the 
corrosion mechanism that controls the degradation rate for the Fe. The same effect is also 
observed when changing the applied potential in the positive direction; Figures 13 and 14. The 
corrosion mechanism is changed from dissolution to passivation domination affected behaviour 
over the component.  
Increases in temperature have accordingly a significant effect on the erosion-corrosion regime 
maps. It is observed that at pH 5, Fig. 11, Fe exhibits various erosion-corrosion regimes 
predominating. This is in contrast with the results at high pH value where a stable erosion-
passivation regime is spread on the pipe surface, Fig. 12. 
The increase in erosion dominated behaviour as a function of increasing temperature is clearly 
demonstrated at low applied potentials, Fig. 13 (a-d).   Figure 14(a-d) shows similar but not 
identical maps on the pipe surface at each temperature level when comparing with the erosion-
passivation maps in Figure 12(a-d)). The passivation-erosion regime is dominant on the straight 
ends of the pipe, while the erosion-passivation regime remains dominant in the pipe bend 
regions. The marginally higher evidence of passivation affected regimes, at lower temperatures, 
is due to the lower erosion rate at such temperatures, and the fact that the dissolution regime 
disappears at the higher temperatures. 
Contrary to the behaviour exhibited by the erosion-corrosion regime maps, there is only slight 
effect of temperature on the wastage maps  at all pH and applied potential values, Figures 15-18, 
with very little difference in the maximum wastage, under this window of conditions. 
 
There are several limitations of this approach to date.  The model assumes no effect of corrosion 
on erosion which is simplistic.  The kinetics of re-passivation with temperature have not been 
accounted for due to the very low rates of growth involved and the narrow temperature range.  It 
is acknowledged that over a wider temperature range, such effects may have to be considered.  
The model assumes that the substrate properties change with temperature but not do not consider 
such effects for the mechanical properties of the film.  This is also a simplistic assumption.      
Nonetheless such issues above,  this technique is a powerful new technique for the study of the 
influence of many of the parameters acting simultaneously in the erosion-corrosion process. It 
can predict the regions of severe wear due to the additive effect of erosion and corrosion, as well 
as the rate of metal degradation. Further work will to address those issues above, in addition to 
assessing the effects of other variables and additional materials in both 2-D and 3-D formats.   
 
5. Conclusions 
 
(i) The effect of temperature has been assessed for the erosion-corrosion of Fe in 
aqueous conditions 
(ii) The results have indicated that the passivation potential decreased with increasing 
temperature whereas the erosion of the substrate increased 
(iii) Transitions between erosion-corrosion regimes were observed as a function of 
increasing temperature 
(iv) Two and three dimensional erosion-corrosion maps were constructed based on the 
results showing the wide range of erosion-corrosion regimes possible in such 
conditions.  
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